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Imaging the spatio-temporal interaction of proteins in vivo is essential to understanding the complexities of biological systems. The highest accuracy 
monitoring of protein-protein interactions is achieved using FRET measured by fluorescence lifetime imaging, with measurements taking minutes to 
acquire a single frame, limiting their use in dynamic live cell systems. We present a diffraction limited, massively parallel, time-resolved multifocal 
multiphoton microscope capable of producing fluorescence lifetime images with 55 ps time-resolution, giving improvements in acquisition speed of a 
factor of 64. We present demonstrations with FRET imaging in a model cell system and demonstrate in vivo FLIM using a GTPase biosensor in the 
zebrafish embryo. 
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Fluorescence lifetime imaging microscopy (FLIM) is 
a well-established method for high resolution 
imaging of the functional spatio-temporal dynamics 
in situ using a variety of techniques, Förster 
resonance energy transfer (FRET) being by far the 
most extensively studied for protein-protein homo- 
and hetero-dimer interactions [1, 2]. Multiphoton 
microscopy confers additional advantages in terms of 
inherent three dimensional sectioning and enhanced 
depth penetration for in vivo imaging [3-6]. However, 
the data acquisition rate for FLIM is a significant 
limitation in current implementations of laser 
scanning microscopy. 
Time-correlated single photon counting (TCSPC) is 
considered the gold standard for high precision 
multiphoton fluorescence lifetime imaging, due to its 
measurement accuracy [7]. The fundamental 
limitation associated with TCSPC is imaging speed, 
due to the stochastic nature of the acquisition 
process. This limits the counting rate to much less 
than one photon per excitation event (typically 1%) to 
prevent inaccuracies in lifetime determination due to 
pulse pile up[8]. For a typical laser scanning FLIM 
acquisition times are of the order of minutes, whilst 
the timescales associated with  many dynamic 
biological events are much faster [9]. Whilst resonant 
scanners can achieve such rates for laser scanning 
microscopy, often the signal-to-noise is limiting due 
to both phototoxicity and detection efficiency. One 
solution is to use a combination of parallelized laser 
beams with detector arrays (time-gated camera 
systems [10] or photodiode arrays [11]) to improve 
the rate of acquisition. Accurate determination of 
fluorescence lifetime with large numbers of channels 
in such a parallel manner represents a significant 
challenge when imaging such complex biological 
interactions at high temporal resolution. 
In this paper, we present a multifocal multiphoton 
fluorescence lifetime imaging microscope (MM-
FLIM) which significantly improves the rate of 
acquisition of high resolution FLIM through the 
parallelization of both the excitation and detection 
process. The system is composed of a femtosecond 
pulsed 2D beamlet array, optically conjugated with a 
camera consisting of individual single-photon 
avalanche photodiodes (SPADs), each of which has a 
quantum efficiency off 28% at 500nm and operates in 
time-correlated single photon counting mode 
(Megaframe) [12]. Essentially, the MM-FLIM is 
composed of 64 separate multiphoton FLIM 
microscopes working in a parallelized format to 
facilitate high data acquisition speeds. The 
Megaframe camera can transfer time-resolved data 
from the 32x32 pixel array at 500 kilocounts/sec/pixel 
to an FPGA for processing. Due to limitations with 
USB2.0 interface bus data transfer rates, we restrict 
acquisition to 64 detectors for a maximum data 
acquisition rate of 16 Mcts/sec. At present this is still 
20 times faster than a typical TCSPC single detector 
setup, where the data acquisition rate is restricted to 
800 kcts/sec (1% of laser repetition rate, ~80MHz).  
To generate the required multibeam excitation, we 
developed a phase-domain spatial light modulator 
based, arbitrary pattern holographic projection 
system [10, 13, 14]. The beam array was generated 
by illuminating a pre-calculated phase pattern and 
conjugated with the back aperture of a microscope 
objective via a scanning system. The integrated 
microscopy system is shown in schematic in Figure 1. 
Light from the Chameleon Ultra II Ti:Sapphire laser 
system (Coherent Inc, CA) operating at 900nm was 
projected onto the Spatial Light Modulator (Boulder 
Nonlinear Systems Inc, CO) that generates the 
appropriate beamlet array pattern with a diffraction 
efficiency of 49%, which was then re-imaged and 
scanned across sample and using a set of 
galvanometer mirrors. Two photon generated 
fluorescence collected by the objective lens was then 
de-scanned and projected onto the Megaframe SPAD 
array for detection. Illumination, sample and 
detection planes were all critically aligned conjugate 
such that magnification between planes was optimal 
for both imaging resolution and detection efficiency.  
Fig. 1: Schematic of the multifocal multiphoton system 
For parallelized TCSPC detection, each fluorescence 
image of the beamlet array was focused onto a single 
SPAD of the camera [15]. To ensure optimal 
efficiency, each fluorescent beamlet generated at the 
sample plane was projected such that it under-filled 
the active area ( ǍP diameter) of the SPAD. This 
was achieved by matching the numerical aperture of 
the illumination and detection such that the 
diffraction limited image of the fluorescent beamlet 
has a FHWM of 1.8µm. By reimaging the beamlets 
onto the detector, the optical fill factor was amplified 
from 1% to 100% which provides up to a 10 times 
improvement over lenslet light collection approaches 
with similar camera devices [16].  
The field of view of the microscope was determined 
by the magnification between object and detection 
planes, with beamlets separated in the detection 
plane by the detector spacing (where each pixel has a 
pitch of 50 µm). For a 40x imaging objective (Nikon 
Plan Fluor Oil Immersion 1.3 NA) the field of view 
for an 8x8 beamlet array was 100 ǍP &DUHIXO
alignment of the beamlet spacing onto the detector 
array was performed. Poor intensity fidelity between 
beams generated via phase holograms is well-known. 
To compensate for this and the variable detection 
efficiency of each individual SPAD (which has a 9% 
variability in detection efficiency for the chosen 8x8 
array) we implemented a novel doubly weighted 
Gerchberg-Saxton algorithm (integrating direct 
signal feedback from the SPAD array)[17], which led 
to ~7 times improvement in uniformity of the beam 
intensity variation across the array.  
The microscope system, including x-y scanner control 
and synchronization with the Megaframe camera 
was controlled using software written in LabVIEW. 
For each individual image acquisition, the system 
processed 32×32 data points for 8×8 detectors 
producing 256×256 pixel images. The system could 
be operated in either single plane acquisition mode 
or a single plane at multiple depths mode to generate 
a 3 dimensional z-stack.  
Imaging sub-diffraction limited 100 nm dia. 
fluorescent beads (Life Technologies Ltd, UK), 
confirmed diffraction limited performance in lateral 
and axial resolutions of 0.43±0.03µm and 
0.97±0.04µm respectively for a system with the 
effective N.A. of 1.2 (Figure 2). 
 
Figure 2: (a) Lateral (XY) and axial (YZ) optical sections of 
a 0.1 µm diameter multispectral sub-diffraction limited 
fluorescent bead reconstructed from a 3D image stack. (b) 
Point spread functions taken of the bead to determine the 
resolutions of the system. 
To evaluate the lifetime imaging performance and 
capabilities of the MM-FLIM imaging system, FRET 
standards [18] comprising of EGFP and mRFP1 
separated with various length amino acid linker 
sequences were expressed in MCF7 cells, and imaged 
using the system (Figure 3). Each individual image 
was acquired for 10 seconds. The FRET efficiencies 
(as calculated from equation ܧ ൌ  ? െ ߬ ஽߬௢௡௢௥ ? , where W is the fluorescence lifetime of the probe in the 
presence of a acceptor and WDonor the unmodified 
donor lifetime[19]) were shown to increase as the 
linker size decreases, with data comparable to 
conventional single beam TCSPC (Table 1). The 
conventional TCSPC system contained a bialkali 
photomultiplier tube (Hamamatsu R7401-P) detector 
with custom built amplifier had a similar quantum 
efficiency to the MM-FLIM system. The small 
variability FRET efficiencies between TCSPC and 
MM-FLIM acquired datasets can be accounted for by 
differences in cell biochemistry between samples. All 
lifetime data were analysed using 5x5 circular 
binning with Levenberg-Marquardt fitting in TRI2 
lifetime analysis software. 
 
Figure 3: Intensity, lifetime and composite images of 
MCF7 cells expressing EGFP connected to mRFP using 
amino acid chains of various sizes compared with MCF7 
cells expressing EGFP alone. 
Table 1: Comparing FRET efficiencies and associated 
standard errors of the FRET standards using the MM-
FLIM imaging system and a conventional single beam 
TCSPC system.  
 
To demonstrate sensitivity and optical sectioning 
capabilities of the system, we performed analysis of 
A375M human melanoma cells expressing a recently 
developed mTFP/VenusRhoA GTPase FRET 
biosensor [20] injected into zebrafish embryos and 
allowed to form a tumour mass over 3 days. Embryos 
were incubated at 28°C and 200µM PTU 
(Phenylthiocarbamide) was added from one days post 
fertilisation onwards. 2 day post fertilisation, 
embryos were anaesthetised in 0.5 mM tricaine and 
A-375MM cells expressing the modified RhoA 
biosensor were injected into the heart cavity. 
Embryos were left for 1hr at 28°C to recover, then 
incubated at 34°C. 4 days post injection embryos 
were embedded in 1.5% low melting point agarose 
(containing 0.5 mM tricaine), submerged in 25mM 
tricaine and imaged immediately. A 40 image series 
of optical sections in successive planes was acquired 
in 400 s (1 section/10s), a time comparable to that 
required to acquire a single z-section using 
conventional TCSPC (Figure 4). Whilst, FRET 
microscopy has been applied to zebrafish embryos in 
a small number of studies [20, 21], this is the first 
time either RhoA activity or utilization of a xenograft 
approach have been addressed. Furthermore, 3D 
FRET projections of cellular masses within a 
zebrafish embryo have never previously been 
achieved. Differentials in RhoA activity can be 
clearly detected in individual cells within the 
xenograft, where higher levels of RhoA activity 
predominate at the cell periphery. This is consistent 
with previous reports [22]. Moreover, the 3D 
projection enables us to interrogate the architecture 
of the cell conglomerate and has the potential to 
provide unprecedented spatio-temporal resolution 
regarding RhoA activity within cells relative to their 
3D position. 
Figure 4: Multiphoton Intensity, Lifetime and combined 
representations of the 3D data stack heart cavity of a 
zebrafish 4 days post injection of A-375MM cells 
expressing the modified RhoA biosensor. (Image size 
62.5×62.5×40µm). 
In summary, we have developed a multifocal 
multiphoton imaging system for high-frame rate 
FLIM imaging. We have demonstrated that 
multifocal multiphoton imaging with a 2D SPAD 
array is practical, fast and offers novel advantages 
for fluorescence lifetime imaging.  Using beamlet 
generation and reimaging approach and utilizing 
small area SPADs ensures optimal efficiency and 
minimum cross-talk in the system. Moreover, the 
set-up provides a platform for future improvements 
in speed and signal-to-noise by increasing the 
number of beams or using smaller area SPADs. Such 
advances have the potential to transform time-
resolved multiphoton imaging applications in a range 
of biological systems. 
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